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Blackbody radiation around hot objects induces ac Stark shifts of the energy levels of nearby atoms
and molecules. These shifts are roughly proportional to the fourth power of the temperature and
induce a force decaying with the third power of the distance from the object. We explicitly calculate
the resulting attractive blackbody optical dipole force for ground state hydrogen atoms. Surprisingly,
this force can surpass the repulsive radiation pressure and actually pull the atoms against the
radiation energy flow towards the surface with a force stronger than gravity. We exemplify the
dominance of the “blackbody force” over gravity for hydrogen in a cloud of hot dust particles. This
overlooked force appears relevant in various astrophysical scenarios, in particular, since analogous
results hold for a wide class of other broadband radiation sources.
PACS numbers: 42.50.Wk, 44.40.+a
Light forces on particles microscopically arise from the
basic physics of absorption and redistribution of photon
momentum. For light far detuned from any optical res-
onance, the interaction is dominated by coherent scat-
tering and can be attributed to an optical potential cor-
responding to the dynamic Stark shift of the involved
atomic energy levels. Red-detuned light induces a neg-
ative Stark shift on low energy states so that particles
are high-field seekers drawn towards regions of higher ra-
diation intensity. From precision experiments in atomic
spectroscopy it has been known for at least half a cen-
tury that blackbody radiation also induces Stark shifts
of atomic states. In particular the ground state is shifted
towards lower energy [1–8]. Albeit a small shift, it
constitutes an important perturbation of precision spec-
troscopy proportional to the radiated blackbody inten-
sity [9] growing with the fourth power of temperature.
Obviously, for a thermal source of finite size the radiation
field intensity decays with distance from the surface in-
ducing a spatially varying Stark shift. Our central claim
now is that this shift constitutes a spatially varying opti-
cal potential exerting an effective optical dipole force on
neutral atoms.
In this Letter we study the surprising and peculiar
properties of this—so far overlooked—optical force for
the simple but generic example of individual hydrogen
atoms interacting with “hot” spheres. Since the first elec-
tronic excitation of hydrogen is in the far UV region, the
largest part of a typical blackbody radiation spectrum is
below the first optically coupled atomic excited state, i. e.
, the 2p state. Thus it induces an attractive dispersive
dipole force analogous to the dominant force in optical
tweezers [10]. Of course, at the same time some narrow
high frequency components are resonantly absorbed and
spontaneously reemitted generating a repulsive radiation
pressure. The relative size of these two components de-
pends on temperature. As shown below, for hydrogen
these forces can be explicitly calculated by generalizing
known derivations of the Stark shift [2, 3] exhibiting a
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Figure 1: An artist’s view of the interaction between an atom
and a hot sphere of radius R. From a distance r it appears
as a disk of effective radius Rd at distance rd.
surprising dominance of the attractive dipole force up to
a limiting temperature. Geometrical considerations as
shown in Fig. 1 reveal that in the far field the blackbody
intensity decays with the second inverse power of the dis-
tance r of the atom implying an unusual 1/r3 effective
attractive force.
Let us mention here that for an atom very close to
a (hot) surface additional interactions of similar magni-
tude such as van der Waals forces or forces arising from
zero-point and thermal fluctuations of the electromag-
netic field appear [11, 12]. These are also mostly attrac-
tive and depend on the detailed material properties of
the surface. We will not consider these in our generic
calculations.
In the following we will briefly review the calculation of
the temperature-dependent Stark shift in a thermal field
and then generalize it to the case of radiation emitted
from a finite-size spherical blackbody. The correspond-
ing potential and forces are then evaluated as a function
of the radius R and the temperature T of the sphere. The
resulting forces are then compared to other forces (possi-
bly) acting on the particle, such as gravity or attraction
by a dc Stark shift from a charged sphere. We finally
2apply the model to atomic hydrogen moving close to a
cloud of small thermal particles, where the “blackbody
optical force” turns out to surpass the effect of gravity.
Let us recall some important results on polarizability
and the Stark shift of light atoms and, in particular, hy-
drogen. The static polarizability αH = (9/2)4piε0a
3
0 of
ground state hydrogen atoms was calculated almost a
century ago [13, 14], with a0 being the Bohr radius. As
atomic hydrogen has its first radiative transition at an
energy of E2p − E1s ≈ 10.2 eV, most of the blackbody
radiation components are well below this frequency (up
to temperatures of a few thousand kelvin). Hence, using
this static polarizability the ground state energy shift
can roughly be estimated to be ∆E = −αH〈E2〉/2, with
the time-averaged square of the total electric field E; cf.
Eq. (3). A quantitatively more reliable calculation re-
quires summation of the perturbative contributions of
all higher-lying states including their energies and dipole
matrix elements, which has already been carried out by
several authors [2, 3].
The perturbative expression of the dynamic Stark shift
of an energy level |n〉 in an isotropic thermal bath explic-
itly reads [2, 3]
∆En =
e2(kB T )
3
6pi2ε0(c h¯)3
∑
i;m 6=n
f
(
h¯(ωn − ωm)
kB T
)
|〈n| ri |m〉|2,
(1)
where h¯ωn denotes the energy of the unperturbed state
|n〉, ri is the electron-core distance operator, and f(y) is
Cauchy’s principal value integral
f(y) = P
∫ ∞
0
x3
ex − 1
(
1
y + x
+
1
y − x
)
dx. (2)
In general, the sign and magnitude of the Stark shift
depend on the chosen atomic or molecular state and on
the radiation field temperature T [2, 3]. However, it will
mostly cause a negative energy shift for the ground state.
For the 1s state of hydrogen it can be approximated by [3]
∆E1s(T ) ≈ − 3pi
3(kBT )
4
5α3(mec2)3
, (3)
which gives a small shift of ∆E1s/h¯ ≈ −1Hz for T =
400K. For higher excited atomic states the blackbody
shift is much larger, reaching a few kHz [2]. For these
states, however, the resonant absorption and emission
processes discussed below also become important.
One arrives at similar expressions for radiation-
induced absorption and stimulated transition rates be-
tween different levels resulting in an effective line width
given by [2, 3]
Γn =
e2
3pi c3h¯ε0
∑
i;m 6=n
|〈n| ri |m〉|2 |ωn − ωm|
3
exp
(
h¯|ωn−ωm|
kB T
)
− 1
.
(4)
This gives a good estimate for the expected radia-
tion pressure force. For hydrogen in its 1s ground
state, the temperature-dependent transition time to
the 2p state given via τ1s→2p(T ) = 1/W1s→2p(T )
and Γn =
∑
m 6=nWn→m is extremely long, yielding
τ1s→2p(300K) ≈ 10162 s and τ1s→2p(1000K) ≈ 1042 s.
Note, however, that one gets a very rapid increase of this
absorption with temperature, over several tens of orders
of magnitude, giving τ1s→2p(6000K) ≈ 0.2 s around the
solar temperature, where the force thus changes from at-
traction to repulsion.
For the sake of completeness let us also include the hy-
perfine transition within the hydrogen ground state man-
ifold, i. e. , the famous 21–cm line. For this radio tran-
sition we use the Rayleigh-Jeans approximation for the
thermal energy density and the known relations between
Einstein’s absorption and emission coefficients to ob-
tain the absorption rateWF0→F1(T ) = 3h¯ ω21A21/(kBT )
with ω21 ≈ 8.9GHz being the angular frequency of the
transition and A21 ≈ 2.87× 10−15 s−1 [15]. We see that
these rates grow linearly in temperature but are typically
very small, i. e. , WF0→F1(100K) ≈ 1.26 × 10−11 s−1.
Hence, transitions take several thousand years and only
deposit negligible momentum. This shows that resonant
excitations due to thermal radiation can be neglected for
neutral hydrogen in the ground state, at least up to tem-
peratures of a few thousand K. In this regime the force
induced by the ac Stark shift will dominate.
In an isotropic thermal bath, due to symmetry, the
blackbody field cannot have any directional effect on the
movement of the atom, but can only induce friction and
diffusion. Thermal light radiated from a finite source,
however, creates a spatially varying Stark potential giv-
ing rise to a net force. As a generic example we consider
a hot sphere of radius R with an atom located at a dis-
tance r ≥ R from its center. As depicted in Fig. 1 (cf.
also [16]) the atom then sees radiation from the projec-
tion of the sphere as a disk of radius Rd at distance rd,
with Rd = R
√
1− (R/r)2 and rd = (r2−R2)/r covering
a solid angle of
Ω⊙ = 2pi
(
1− rd√
r2d +R
2
d
)
= 2pi
(
1−
√
r2 −R2
r
)
.
(5)
After a somewhat lengthy calculation to integrate over
all incoherent contributions of the electric field radiated
from a hot sphere, we finally arrive at a simple and in-
tuitive result for the spatial dependence of the induced
Stark shift,
∆E⊙n (r) =
1
2
(
1−
√
r2 −R2
r
)
∆En =
Ω⊙
4pi
∆En, (6)
where ∆En is the isotropic shift for a state |n〉 computed
from Eq. (1). The increasing ac Stark shift for an atom
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Figure 2: Comparison of the spatial decay of various interac-
tion strengths between an atom and a hot sphere of radius R:
blackbody (1−
√
r2 −R2/r, red solid line), gravity (R/r, blue
dashed line) and electrostatic potential (R4/r4, green dash-
dotted line), cf. also Eq. (10). The orange dashed line extrap-
olates the asymptotic inverse quadratic long-range radiation
potential, R2/(2r2).
approaching a hot sphere thus induces the rapidly grow-
ing dipole force
F⊙n (r) = −∂r∆E⊙n (r) =
∆En
2
R2
r2
√
r2 −R2 . (7)
For negative ∆En, as, e. g. , for an atom in the ground
state, the atom is pulled towards the sphere. Directly
at the surface, where the validity of our model ends,
the force diverges, but the potential energy remains fi-
nite: ∆E⊙n (R) = ∆En/2. This shift corresponds to il-
lumination by half of the full 4pi solid angle. The spa-
tial dependence of the different potentials in Eq. (10) is
shown in Fig. 2 with the blackbody potential falling off
as ∼ R2/(2r2) for r ≫ R.
In the derivation above we set the ambient tempera-
ture around the sphere and the atom to zero. If Tamb 6= 0,
the radiation from the sphere coming in from a solid
angle Ω⊙ will add up with background radiation from
4pi − Ω⊙. Equation (7) will thus change to F⊙n (r) =
(∆En(T ) − ∆En(Tamb))R2/(2r2
√
r2 −R2). The effects
of a surrounding temperature bath are thus of the order
of T 4−T 4amb and will be ignored in the upcoming simple
examples.
This “new” attractive force is rather unexpected and—
so far at least in principle—quite intriguing. In order
to assess the practical importance, however, as a next
step we will compare the forces created by the black-
body Stark shift to other atom-sphere interactions, such
as gravitational forces or forces induced by electrostatic
shifts. Gravitational forces may be derived from the po-
tential
VG(r) = −GmM⊙
r
= −G4 pimρR
3
3 r
= −aGR
r
, (8)
with M⊙ being the mass of the sphere of density ρ and
m the mass of the atom, which for atomic hydrogen is
m ≈ mproton.
If the central sphere carries a surface charge of den-
sity σQ, defined as 4piR
2σQ = Q, the atom will experi-
ence an additional electrostatic Stark shift, which for the
ground state of atomic hydrogen is found to be [17]
∆E
[Q]
1s = −
9a30Q
2
16pi ε0r4
= −9pia
3
0σ
2
QR
4
ε0r4
= −aQR
4
r4
. (9)
In total, a neutral atom interacting with a hot sphere
of radius R, mass density ρ, temperature T , and surface
charge density σQ thus sees the total potential
V (r) = −aGR
r
− aQR
4
r4
− aBB
(
1−
√
r2 −R2
r
)
, (10)
where we have set aBB = |∆En|/2. If the energy shift
is positive, we must change the sign to get a repulsive
interaction.
As forces following power laws have no natural length
scale, we will use the radius R of the sphere as a reference
length and first compare the potential energies generated
by these different interactions at the surface. Figure 3
displays the different prefactors for different tempera-
tures and surface charge densities as a function of sphere
radius. Here, for aBB we have used the approximated
Eq. (3).
As the blackbody potential at the surface is inde-
pendent of the sphere size, it clearly dominates grav-
ity for small objects (R ≪ 1m). For an interplanetary
dust particle of R = 1µm, ρ = 2 g/cm3 radiating at
T = 100K [18], we obtain aBB ≈ 1.7 × 108aG. For an
adult human, i. e. , a sphere of water with a total mass of
70 kg, radiating at T = 300K, aBB ≈ 0.42 aG. For larger
masses the blackbody potential only yields a weak per-
turbation; e. g. , for our sun (with R = 6.96 × 108m,
ρ = 1.408 g/cm3, T = 5778K [15]) we get aBB ≈
5.5 × 10−15aG. Hence, blackbody radiation can domi-
nate over gravity and perturb particle orbits in a way
that Kepler ellipses change to rosettes or spiral trajecto-
ries towards the surface.
Note that aberrational effects due to the relative mo-
tion of atom and sphere generate an additional weak fric-
tion force of a different nature, leading to the known
Poynting-Robertson drag on dust particles orbiting a
star [15, 16]. For fast atoms an analogous effect should
be added to the gradient forces described here.
For the sake of brevity we also ignored the fact that
thermal radiation from micron-sized particles will cer-
tainly not follow Planck’s law [19]. A more elaborate
calculation would therefore produce somewhat different
numbers without changing the basic physical mechanisms
and their magnitude.
The above considerations show that particularly strong
effects can be expected from hot and light objects. As a
simple, but striking example we model a hot cloud as the
integral effect of a dilute random ensemble of thermally
4σQ = 1nC/m
2
σ
Q
=
e/(4pi
R
2
)
T = 1000K
T = 300K
T = 100K
T = 10K
(×kB)(×h¯)
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Figure 3: Comparison of the energy shift of the hydrogen
ground state induced by blackbody radiation (aBB, red lines),
the electrostatic interaction (aQ, green dash-dotted) and the
gravitational potential energy (aG, blue dashed line) at the
sphere surface as function of the radius R for a mass den-
sity ρ = 1 g/cm3.
radiating small particles. For a mass density ρ and a
spherically symmetric Gaussian particle distribution of
width σ, g(r) = exp[−r2/(2σ2)]/[(2pi)3/2σ3], the mean
gravitational potential can be computed explicitly to give
〈VG(r)〉 = −N aGR
r
erf
(
r√
2σ
)
(11)
with the error function erf(x) = 2/
√
pi
∫ x
0 exp(−t2) dt.
For the blackbody contribution we use the approximation
VBB(r ≫ R) ≃ −aBBR2/(2r2) to obtain
〈VBB(r)〉 = −piN aBBR
2
r
P
∫ ∞
0
s g(s) ln
(
r + s
|r − s|
)
ds.
(12)
At the center of the cloud we get the simple expressions
〈VG(0)〉 = − N aGR√
pi/2σ
and 〈VBB(0)〉 = −N aBBR
2
2σ2
.
(13)
The blackbody radiation induced interaction will domi-
nate for parameters satisfying 〈VBB(0)〉/〈VG(0)〉 > 1 or,
making use of Eq. (3), when
σ
R
<
√
piaBB
2
√
2aG
≃ 9pi
5/2(kBT )
4
80
√
2α3Gρ (mec2)3mpR2
. (14)
As illustrated in Fig. 4, we thus arrive at the quite
surprising result that even for “large” dust clouds with
σ = 10, . . . , 100m, gravitational interaction with hydro-
gen is not only assisted but even dominated by blackbody
induced dipole forces.
While the idea of an attractive optical force induced
by blackbody radiation appears rather exotic and un-
intuitive at first, we have nevertheless shown that in
many cases, as, e. g. , for ground state hydrogen atoms,
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Figure 4: Gravitational [light gray (blue) lines] and black-
body induced [dark gray (red) lines] potential of randomly dis-
tributed spheres of size R = 5µm and temperature T = 300K
such that aBB ≈ 1.1 × 109 aG for ρ = 1g/cm3. The dotted
lines show the potentials calculated in Eqs. (11) and (12) us-
ing a distribution of width σ = 300m. The solid lines are the
result of a random sample of N = 8000 Gaussian distributed
spheres.
the “blackbody force” dominates the repulsive radiation
pressure. For small objects it can even be stronger than
the gravitational interaction. Despite its outgoing ra-
diative energy flow, a hot finite-size sphere thus attracts
neutral atoms and molecules, a force, which to the best
of our knowledge, has been overlooked so far. Although
in many cases it will be very weak and challenging to
measure in the lab, one can think of many tailored or
astrophysical scenarios, which should be revisited in the
context of these findings. Let us note here that at suf-
ficiently high temperatures radiation pressure dominates
and the total force changes its sign. Hence, only above a
critical, rather high, temperature hydrogen atoms will be
repelled by blackbody radiation as intuitively expected.
Note that the dipole force is state selective and can in-
duce spatial separation of atoms in different long-lived
states.
Our results actually go beyond the case of blackbody
radiation and basically also hold for other broadband in-
coherent light sources, with narrower frequency distribu-
tions but higher photon flux compared to blackbody ra-
diation. This potentially generates much stronger forces
which are strongly species specific. On the microscopic
scale it is also important to note that the precise shape
of the hot particle surface will be decisive and strong en-
hancement effects could be expected near tips, grooves,
and edges. Hence, our findings could go much beyond
the originally intended scope, e. g. , towards the effect of
hot microstructured surfaces in vacuum chambers or the
total energy shift induced by cosmic background radia-
tion.
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